This study focused on characterising 23 Oenococcus oeni and 19 Lactobacillus plantarum strains isolated from the South African wine environment for the development of potential commercial malolactic fermentation (MLF) starter cultures. These strains were characterised with regards to oenological important characteristics, including the genetic screening for enzyme-encoding genes (enzymes that are involved/implicated in wine aroma modification, as well as enzymes pertaining to the wholesomeness of the final wine product), their fermentation capabilities, the ability to maintain viability during MLF, as well as the volatile acidity production. A total of three O. oeni and three L. plantarum strains were selected at the completion of this study. These six strains showed the most potential during the characterisation stages of the study and were able to successfully complete MLF in Pinotage wine. It was also found that L. plantarum strains displayed a more diverse enzyme profile than O. oeni strains, particularly with regards to the presence of the aroma-modifying enzymes β-glucosidase and phenolic acid decarboxylase (PAD), which implies the future use of this species in the modification of the wine aroma profile and use as commercial starter culture.
INTRODUCTION
Malolactic fermentation (MLF) in wine is a deacidification process consisting of the decarboxylation of L-malic acid by the malolactic enzyme and is a result of the metabolic activity of lactic acid bacteria (LAB). During this fermentation process L-malic acid is decarboxylated to produce L-lactic acid and carbon dioxide. The three main reasons for allowing MLF to take place is the resulting deacidification, microbiological stability and the associated modifications in the aroma profile of the wine (Wibowo et al., 1985; Lerm et al., 2010) . The indigenous LAB population associated with the wine environment usually belongs to the genera of Oenococcus, Lactobacillus, Pediococcus and Leuconostoc (Lonvaud-Funel, 1999) . Oenococcus oeni is the species of LAB that is most often responsible for MLF and has shown to be able to successfully survive the challenging wine environment. Some of these challenges include high alcohol concentrations, low pH, extreme fermentation temperatures and the presence of sulphur dioxide (SO 2 ) (Davis et al., 1988; Drici-Cachon et al., 1996) . Currently, O. oeni is the major LAB used in commercial starter cultures for MLF. Some Lactobacillus species have also displayed the ability to survive the harsh wine conditions (G-Alegría et al., 2004; Pozo-Bayón et al., 2005) , of which the species Lactobacillus plantarum has shown the most potential as a starter culture (for review see Du and a commercial culture has recently been released by Lallemand as Lactobacillus plantarum V22 ® (Bou & Krieger, 2004; Fumi et al., 2010) . This species of Lactobacillus also shows a more diverse enzymatic profile than O. oeni (Matthews et al., 2004; Spano et al., 2005; Mtshali et al., 2010) , which could play an important role in the modification of the wine aroma profile (Guerzoni et al., 1995; Swiegers et al., 2005; Matthews et al., 2006) .
There are various important criteria to consider when selecting LAB for possible use in a starter culture. These include the ability to tolerate low pH, high ethanol and SO 2 concentrations, good growth characteristics under winemaking conditions, compatibility with the selected yeast strain, the inability to produce biogenic amines and the lack of off-flavour or off-odour production (Wibowo et al., 1985; Britz & Tracey, 1990; Henick-Kling, 1993; LonvaudFunel, 2001; Ruiz et al., 2010; Solieri et al., 2010) .
There are various enzymes originating from LAB that could potentially contribute to the sensory profile and wholesomeness of wines undergoing MLF. Some of the aroma-related enzymes include β-glucosidase, phenolic acid decarboxylase (PAD), citrate lyase, esterase, protease, peptidases, α-acetolactate synthase and α-acetolactate reductase (Spano et al., 2005; Sumby et al., 2009; Brod et al., 2010; Mtshali et al., 2010) , as well as enzymes that play a role in the production of volatile sulphur compounds, including S-adenosylmethionine synthase, cystathionine β/γ-lyase and glutathione reductase (Knoll et al., 2010) . Other enzymes of interest that play a negative role in the wholesomeness of the wine, besides those enzymes implicated in biogenic amine production, include those that are involved in ethyl carbamate formation, a potential carcinogen. These enzymes are carbamate kinase, ornithine transcarbamylase and arginine deiminase, related to arginine metabolism (Liu et al., 1995; Arena et al., 2002) .
The overall aim of the study was to evaluate O. oeni and L. plantarum strains isolated from South African wines for use as possible MLF starter cultures. The first objective was to characterise the isolates in order to identify potential starter strains. This was done by assessing the malic acid degradation rate of the isolates in a synthetic wine medium and screening the isolates for the presence of genes that play a role in the production of biogenic amines and ethyl carbamate, as well as other enzymes important in aroma production. The second objective was to select and evaluate the viability, MLF rate and volatile acidity production of the most promising strains in Pinotage wine inoculated after alcoholic fermentation (AF).
MATERIALS AND METHODS

Bacterial isolates, media and culture conditions
Oenococcus oeni and L. plantarum strains selected for use in this study were taken from the Institute for Wine Biotechnology (IWBT) (Stellenbosch University, South Africa) culture collection, as well as isolates from spontaneous MLF in Pinotage wine from the Paarl region, South Africa. Table 1 lists the bacterial strains used in this study. The identity of these strains was confirmed as O. oeni or L. plantarum (Lerm, 2010) .
Representative sampling of the grape must were done for microbiological enumeration before MLF and on a weekly basis for the duration of the fermentation. The microbiological population was monitored by plate counts of colonies (CFU/mL) formed on selected media. Lactobacillus plantarum strains were cultivated on De Man, Rogosa and Sharpe (MRS) agar plates containing MRS broth (Biolab, Merck) and Bacteriological agar (Biolab, Merck) . Oenococcus oeni strains were cultivated on MRST agar containing MRS and 20 g/L Bacteriological agar supplemented with 10% preservative free tomato juice (All Gold, South Africa) with the pH adjusted to 5.0 with hydrochloric acid (HCl). All plates contained 50 mg/L Delvocid Instant (DSM Food Specialties, The Netherlands) to prevent the growth of yeasts and 25 mg/L Kanamycin Sulphate (Roche Diagnostics GmbH, Mannheim, Germany) to suppress the growth of acetic acid bacteria. Grape must or O. oeniwine samples were serially diluted ten-fold in sterile water and plated. All LAB were anaerobically cultivated by using Microbiology Anaerocult sheets in anaerobic jars (Merck, Darmstadt, Germany) and incubated at 30ºC for four to seven days depending on the growth of the microorganisms. Colonies were also inspected using light microscopy to investigate the cell morphology. The culturing of the LAB strains prior to inoculation in the wine were as follow: L. plantarum and O. oeni strains were grown at 30ºC on MRS agar and MRST agar plates, respectively, until single colonies were clearly distinguishable. After growth on the agar plates, L. plantarum strains were grown at 30ºC in MRS broth for two days and O. oeni strains were grown in filter-sterilised MRS broth supplemented with 20% preservative free apple juice (Ceres, South Africa) (MRSA) and the pH adjusted to 5.2 with HCl for four days. To ensure survival in the wine after inoculation, strains grown in MRS and MRSA broth were inoculated in an adaptation medium at 1.5% (v/v) and incubated at 30ºC for two days. The adaptation medium consisted of (concentrations indicated in brackets): 4% v/v) and with the pH adjusted to 4.6 using potassium hydroxide (KOH) pellets (Saarchem, Merck). The adaptation medium for O. oeni strains were filter-sterilised using a 0.22 µm syringe filter and also supplemented with 20% preservative free apple juice. After two days in the adaptation medium, the cultures were centrifuged at 8000 rpm for 10 min and the pellet rehydrated in water before inoculation in the wine at approximately 10 6 CFU/mL.
Screening in synthetic wine medium
For evaluation in the synthetic wine medium, L. plantarum strains were cultivated at 30ºC in MRS broth for two days.
Oenococcus oeni strains were cultivated at 30ºC for four days in filter-sterilised MRSA broth. The ability of the bacterial strains to degrade malic acid was evaluated in a synthetic wine medium adapted from Ugliano et al. (2003) . The media was prepared with the following adaptations: the pH of the medium was adjusted to 3.4 with KOH pellets and the ethanol concentration was adjusted to 14% (v/v) using absolute ethanol (Saarchem, Merck). No glycoside extract was added and 0.056 g/L MnSO 4 .H 2 O was added as a substitute for MnSO 4 . The media was filtered through a 0.45 µm syringe filter (Lasec), followed by filtration through a 0.22 µm syringe filter. The pre-cultured bacteria included 19 L. plantarum and 23 O. oeni strains and were inoculated at 1.5% (v/v) (approximately 10 6 CFU/mL) in the synthetic wine medium and incubated at 20-22ºC under static anaerobic conditions to undergo MLF. Cell counts were monitored at three different stages during MLF by conducting plate counts on MRS and MRST agar plates that were anaerobically incubated at 30ºC. The malic acid concentration was determined with a malic acid enzymatic assay (Roche, Boehringer Mannheim, Germany) on day seven of MLF.
Molecular detection of genes involved in biogenic amine production DNA preparation For DNA preparation purposes, the L. plantarum and O. oeni strains were grown at 30ºC in MRS or MRSA broth, respectively, supplemented with 1.5% (w/v) glycine (Saarchem, Merck) for 24 hours prior to isolation. The genomic DNA from L. plantarum and O. oeni strains were isolated as described by Lewington et al. (1987) . The DNA samples were stored at -20ºC. The quantification of DNA was performed spectrophotometrically using a NanoDrop® ND-1000 (NanoDrop Technologies, Inc., Wilmington, USA).
Genetic screening for enzyme-encoding genes using PCR Lactobacillus plantarum and O. oeni strains that showed potential in the synthetic wine medium were screened for the genes that encode for the histidine-(HDC), tyrosine-(TDC) and ornithine decarboxylase (ODC) enzymes. This was done with a multiplex-PCR method described by Marcobal et al. (2005) . The primer sets for the decarboxylase genes can be seen in Table 2 . The 50 µL reaction mixture contained 100 ng template DNA, 0.3 µM of primer set JV16HC/JV17HC (Whitehead Scientific, South Africa), 1 µM of primer set 3/16 and 2 µM of primer set P1-rev/P2-for, 200 µM dNTP's (Takara, Separations), 1.75 µM MgCl 2 (Supertherm, Southern Cross Biotechnology), 1x PCR buffer (Supertherm, Southern Cross Biotechnology) and 1.5 U DNA Polymerase (Supertherm, Southern Cross Biotechnology).
Lactobacillus 30a (histamine-and putrescine-producing LAB strain) and Lactobacillus brevis M58 (tyramine producing LAB strain) were selected as positive controls in this PCR reaction (Downing, 2003; Marcobal et al., 2005) . A negative control containing no bacterial DNA template was included in the PCR reaction. The PCR reaction conditions were as described in Table 3 . All PCR reactions were done using a T3 Thermocycler (Whatman Biometra GmbH, Germany). The PCR products were analysed by gel electrophoresis in 1.5% (w/v) agarose (Whitehead Scientific) gels containing 0.2 μg/mL ethidium bromide (Sigma-Aldrich). Gels were run at 85V in a 1x TAE buffer (100 mM Tris-Cl, 1 mM EDTA, pH 8, 20 mM acetate) for approximately 45 min. Ultraviolet transillumination was used for visualising DNA fragments and an Alpha Imager (Alpha Innotech Corporation, San Leandro, California) used for documenting the image. Lambda DNA (Roche) digested with BstE II (Roche) was used as the standard molecular weight marker.
Potential starter strains that were able to degrade malic acid in the synthetic wine medium and did not possess any of the genes associated with biogenic amine formation were genetically screened for the presence of enzymes associated with alteration of the sensory profile during MLF, including the production of volatile sulphur compounds, as well as the potential production of ethyl carbamate. The enzymes of interest that were screened for with PCR and gene-specific primers are listed in Table 2 . The PCR reactions were carried out using isolated genomic DNA or a single bacterial colony as DNA template. A negative control contained no bacterial template. The gene-specific primer sets for O. oeni and/or L. plantarum and their applications are listed in Table 2. TABLE 2 Nucleotide sequences of primer sets for the detection of the genes encoding enzymes of importance to winemaking. TABLE 2 (CONTINUED) TABLE 3 Thermal cycling conditions of the PCR reactions used for the detection of the genes associated with biogenic amine formation and genetic screening of the enzymatic profiles of wine LAB. The PCR reaction mixtures are listed in Table 4 . All PCR reactions were done as previously described. The PCR products were analysed by gel electrophoresis in 1 to 3% (w/v) agarose (Whitehead Scientific) gels containing 0.5x GelRed (Biotium). Gels were run at 80V in a 1x TAE buffer (100 mM Tris-Cl, 1 mM EDTA, pH 8, 20 mM acetate) for approximately 45-60 minutes. Visualisation of the DNA fragments was as previously described. A 100 bp DNA Molecular Weight Marker XIV (Roche) was used as the standard molecular weight marker.
Small-scale vinification procedures Alcoholic fermentation procedures
Vinifications were conducted in Pinotage sourced from the Wellington region, South Africa. Half a ton of grapes were crushed and destemmed. Before the onset of AF, representative homogenous samples of the grape must were taken to determine the standard must parameters. Sulphur dioxide was added to the must at a concentration of 30 mg/L before the onset of AF to inhibit the growth of indigenous microflora. Lysozyme (DSM Food Specialties, Oenology, France) was added at 0.25 g/L to inhibit indigenous LAB. The grape must was inoculated for batch AF with a commercial strain of Saccharomyces cerevisiae, WE372 (Anchor Yeast). Rehydration of the yeast strain was performed according to the manufacturer's specifications. Alcoholic fermentation of the grape must took place in contact with the grape skins. The decrease in sugar levels was measured on a daily basis using a Brix hydrometer to monitor the progression of AF. Alcoholic fermentation took place at 25ºC and the skins were mixed with the juice on a daily basis using a manual punchdown method. Forty-eight hours after yeast inoculation, Nutrivin (Anchor Yeast), a nutrient supplement, was added at 70 g/hL. This provided a nutrient source for the yeast to avoid stuck or sluggish AF. After the completion of AF (less than 1 g/L residual sugar) the wines were pressed with a hydraulic basket press and divided into 2 L glass bottles (sealed with airlocks) to complete spontaneous or induced MLF at 20ºC.
Malolactic fermentation procedures
The individual O. oeni and L. plantarum cultures were evaluated in duplicate in Pinotage (Table 5 ). The cultures were inoculated after the completion of AF, referred to as sequential inoculation. An O. oeni commercial malolactic starter culture, Lalvin VP41® (Lallemand) was used as control fermentation. A treatment receiving no inoculation was used as a spontaneous fermentation control. The commercial MLF starter culture used during the small-scale vinifications was inoculated according to the instructions of the manufacturer at the recommended maximum dosage. All MLF treatments received a nutrient supplement, Optimalo'Plus (Lallemand), at a dosage of 20 g/hL 48 h after inoculation of the bacterial culture.
After the completion of MLF, the wines were removed from the yeast lees and SO 2 was added to all wines prior to bottling to achieve a total SO 2 concentration of 80 mg/L.
Standard wine analysis
Determination of the standard parameters of the juice and wine were performed with a WineScan FT120 spectrophotometer (FOSS Analytical, Denmark) (according to the method described by Louw et al., 2009) . Duplicate scans were obtained for each sample. The standard parameters determined for the juice include: pH, volatile-and total acid concentration, reducing sugars, malic acid concentration, glucose and fructose concentration and density. Wine parameters include: pH, volatile-and total acidity, malic- and lactic acid, glucose and fructose, ethanol and glycerol. Sulphur dioxide (total and free) analysis was carried out using the Metrohm titration unit (Metrohm Ltd., Switzerland). Malolactic fermentation in the wine was monitored by obtaining the malic-and lactic acid concentrations on a regular basis (at the start of MLF and every seven days thereafter) until its completion (taken as the point when the malic acid concentration is equal to or lower than 0.3 g/L). This was done by Fourier-transform Infrared Spectroscopy (FT-IR) (WineScan FT120, FOSS Analytical, Denmark) as well as determination of the malic acid concentration with an enzymatic assay (Roche, Boehringer Mannheim, Germany).
RESULTS
Screening in synthetic wine medium
Nineteen L. plantarum and 23 O. oeni strains were identified and selected for evaluation in the synthetic wine medium. The screening process in the synthetic wine medium was used as an indication of the possible survival and performance of the potential starter strains in the actual wine environment. Table 5 lists the LAB strains and the corresponding malic acid concentrations measured in the synthetic wine medium after seven days of MLF at 20-22ºC. The L. plantarum strains performed the best and nine of the strains were able to convert the initial malic acid concentration of 3.5 g/L to below 0.3 g/L in seven days. Seven O. oeni and seven L. plantarum strains that showed potential in the synthetic medium were selected for further characterisation. Selection was not only based on the performance of the potential starter strains in the synthetic wine medium with regards to malic acid degradation, but also the ability of the strains to proliferate and maintain sufficient population numbers during the completion of MLF (these strains are highlighted in Table 6 ).
Genes involved in biogenic amine production
The seven L. plantarum and seven O. oeni strains that successfully degraded malic acid or displayed potential in the synthetic medium, were screened for the genes that encode for the amino acid decarboxylase enzymes responsible for biogenic amine formation. The primers amplified single products of 367 bp and 1446 bp for Lactobacillus 30a, corresponding to fragments of the hdc and odc genes, respectively and a product of 924 bp for Lactobacillus brevis M58, corresponding to a fragment of the tdc gene. Of the 14 selected strains that were screened (results not shown), none of the strains contained hdc, odc or tdc gene fragments.
PCR detection of genes encoding enzymes of enological interest
Genetic screenings of the enzyme-encoding genes were done for the 14 selected LAB strains that were negative for the genes
Evaluation of fermentation capability
The isolates that were able to degrade malic acid in the synthetic wine medium, were able to maintain sufficient population numbers and were able to proliferate in the adaptation medium prior to inoculation in the wine, were selected for evaluation in Pinotage (Table 5 ). The commercial culture Lalvin VP41® (Lallemand) was included to compare the fermentation performance of the selected LAB strains with that of a commercial product. By monitoring a spontaneous fermentation control receiving no inoculation, this could provide an indication of the contribution of the indigenous LAB population to the fermentation process.
Of the seven L. plantarum strains that were evaluated, only three completed MLF (Fig. 1) , while the remaining four strains did not complete MLF. The three strains were L. plantarum 14.1, 56 and 107. The control O. oeni culture VP41 showed the best performance and completed the fermentation in 23 days. Of the best performing L. plantarum strains, L. plantarum 107 finished MLF in 30 days, compared to strains 56 and 14.1 which required 44 days. Despite the fact that L. plantarum 107 cell counts showed the most drastic decrease over the course of the fermentation (Table 9 ), a faster fermentation rate was evident. The spontaneous fermentation never completed MLF. Microbiological analysis (Table 9) showed that all associated with biogenic amine formation. The enzymes of interest that were screened for and could potentially influence the aroma profile, included β-glucosidase, PAD, citrate lyase, esterase, protease, peptidases and enzymes related to the production of volatile sulphur compounds. Other enzymes of interest included those that play a role in the production of ethyl carbamate. The results of the genetic screening of the enzymes for L. plantarum and O. oeni are shown in Tables 7  and 8 , respectively.
Malolactic fermentation Must and wine composition before inoculation
The chemical composition of the Pinotage grape must utilised for evaluation of the cultures were as follow (concentrations indicated in brackets): total sugar (309 g/L), malic acid (1.79 g/L), total acid (5.72 g/L) and pH 3.97. The standard wine parameters after AF and before inoculation for MLF were as follow: pH 3.89, volatile acidity (0.45 g/L), total acidity (5.28 g/L), malic acid (1.76 g/L), lactic acid (0 g/L) and ethanol (15.82% v/v). The wine was fermented until the residual sugar concentration was determined as being less than 1 g/L. The Pinotage grapes were harvested at a very high sugar level which resulted in a high alcohol concentration. the treatments were inoculated at approximately 2x10 6 to 4x10 6 CFU/mL. Lactobacillus plantarum cell counts stayed constant or showed a slight decrease over the initial fermentation period, followed by a steady decline towards the end of fermentation. Cell counts of VP41 stayed constant over the course of the fermentation. Cell numbers eventually decreased to approximately 10 4 CFU/mL after the completion of MLF.
Oenococcus oeni W56 displayed diminished growth 10 7 CFU/mL (Table 9 ) and VP41 at 2x10 6 CFU/mL. This could be a possible contributing factor to the faster fermentation rate displayed by the isolates compared to that of the control culture. Cell counts stayed constant during the early stages of MLF and slightly increased over the course of the fermentation. Oenococcus oeni B1 and J65 were the only treatments of which the bacterial population decreased to 10 6 CFU/mL at the end of fermentation. None of the LAB isolates resulted in volatile acidity concentrations exceeding the sensory threshold value of 0.7 g/L (Jackson, 2008) matrix, which resulted in 13 potential MLF strains. These strains were then evaluated in wine which eliminated certain strains as they did not perform MLF satisfactorily. There are various other studies that also make use of synthetic or wine-like media for the characterisation of LAB strains. Capozzi et al. (2010) made use of two different wine-like media with 11 and 13% (v/v) ethanol, respectively. Despite the fact that their O. oeni strains were isolated from wines with 12.5 and 13.9% (v/v) ethanol, the O. oeni strains were unable to survive in the 13% (v/v) ethanol medium. These results are similar to our findings. The O. oeni strains seem to find higher ethanol concentrations in the synthetic wine medium to be more challenging, which is in direct contrast to their performance in wine. These findings are supported by Solieri et al. (2010) , a study in which a lower ethanol concentration of 10% (v/v) allowed the O. oeni strains to complete MLF. Potential limitations of the synthetic wine medium are the lack of phenolic compounds and specific nutrients needed for growth. The addition of these compounds is essential because wine LAB, particularly O. oeni, are generally inhibited by tannins and phenolic 
acids, while anthocyanins and gallic acid have a stimulatory effect on growth and malolactic activity (Vivas et al., 1997; Campos et al., 2003) . It has been shown that strains of O. oeni and some strains of the Lactobacillus genera have essential nutrient requirements, particularly with regards to amino acids, but also vitamins and in the case of O. oeni, the so-called "tomato juice factor", a pantothenic acid derivative (Fugelsang & Edwards, 1997; Terrade & Mira de Orduña, 2009 ). These studies and our results highlight the need for a synthetic wine-like medium that better simulates the wine environment and could provide a more accurate indication of the malic acid degradation ability and survival of LAB strains in wine.
The inability to produce biogenic amines is an important characteristic for any strain being considered for use in a starter culture, as biogenic amines have an impact on wine wholesomeness, have several health implications as well as impacting wine aroma. Our results correlate with other studies, although results on O. oeni in literature vary. Oenococcus oeni has been identified as the main histamine producer (Moreno-Arribas et al., 2000) and 60% of the O. oeni strains studied by Guerrini et al. (2002) were able to produce histamine, while Landete et al. (2005) found that although O. oeni was the most frequent histamine producer, this species also produced the lowest concentrations and that this production is strain dependent (Rosi et al., 2009) . In a 3.0 x10 6 study of 113 wine-isolated O. oeni strains, 12 strains were positive for the biogenic amine-encoding genes histidine decarboxylase (10 strains) and ornithine decarboxylase (two strains) (Coton et al., 2010) . Although Lactobacillus species have been identified as the main tyramine producers by Moreno-Arribas et al. (2000) , L. plantarum has only recently been implicated in the production of biogenic amines (Manfroi et al., 2009) . In a screening of 50 wine-isolated L. plantarum strains for biogenic amine-encoding genes by Coton et al. (2010) , it was found that only one strain was positive for the agmatine decarboxylase gene and one strain for the tyrosine decarboxylase gene. Contrary to this, both L. brevis and Lactobacillus hilgardii have been identified as producers of tyramine, phenylethyl amine and putrescine, respectively (Arena & Manca de Nadra, 2001; Landete et al., 2007) . In order to totally eliminate the potential for biogenic amine production, screening possible starter cultures for biogenic amine-encoding genes is a quick and efficient method to ensure this.
In order to investigate the potential influence of the potential starter strains on the final wine aroma profile and quality, they were genetically screened for enzymes pertaining to the aroma and flavour profile and wholesomeness of wines undergoing MLF. Some of the biggest differences in the enzymatic profiles of O. oeni and L. plantarum were the presence or absence of the genes encoding for the enzymes β-glucosidase and PAD. Various potentially volatile grapederived aroma compounds exist, but these compounds can be bound to a sugar molecule, rendering them sensorially inactive (D'Incecco et al., 2004; Swiegers et al., 2005) . The sugar molecule bound to these compounds usually constitutes a glucose molecule, which denotes that LAB with the ability to demonstrate β-glucosidase activity could release the volatile compounds to become odour-active, which would enable them to contribute to the sensory profile of the wine (Grimaldi et al., 2000; Boido et al., 2002; Barbagallo et al., 2004; D'Incecco et al., 2004; Matthews et al., 2004; Spano et al., 2005) . According to literature, there are conflicting results regarding the absence or presence of enzyme activity in synthetic media/wine-like conditions, as well as under actual wine conditions (Guilloux-Benatier et al., 1993; McMahon et al., 1999; Grimaldi et al., 2000; Mansfield et al., 2002; Barbagallo et al., 2004) . Six of the seven (86%) L. plantarum strains characterised in this study have the potential to release glycosidically bound flavour compounds, compared to the absence of this β-glucosidase gene in the seven O. oeni strains. In our results, which are in accordance with findings by Mtshali (2007) , this characteristic seems to be more widespread amongst L. plantarum strains than O. oeni, although this is a trait than can be an advantageous addition to the selection criteria for MLF starter cultures. Although the β-glucosidase gene has been characterised in both L. brevis (Michlmayr et al., 2010 ) and L. plantarum (Spano et al., 2005) , further characterisation is needed to better understand this liberation process and possible enzyme activity under wine conditions. Lactic acid bacteria are also able to metabolise various phenolic acids present in grape must and wine via PAD activity. These resulting aroma compounds can either impart negative sensorial qualities to the wine or add to the aroma complexity depending on the concentration, which highlights the importance of these genes and the possible contribution to the wine aroma profile (Cavin et al., 1993; Lonvaud-Funel, 1999; Swiegers et al., 2005) .
On the other hand, protease activity in wine LAB have not been fully investigated or characterised. There is a possibility that LAB protease activity can degrade proteins found in wine and could concomitantly produce amino acids and peptides that could alter the wine aroma profile. The peptidases, including cysteine aminopeptidase, proline iminopeptidase, methionine aminopeptidase and membrane alanine aminopeptidase can potentially contribute to the development of the flavour profile of wine, if enzymes are active under wine conditions, by releasing free amino acids which can serve as precursors for aroma compounds (Matos et al., 1998; Mistou & Gripon, 1998) . The L. plantarum strains also displayed a more diverse peptidase enzyme profile and therefore have a greater chance in releasing amino acids which can serve as aroma compound precursors. Citrate lyase plays an integral role in the production of the flavour compound diacetyl and this enzyme is responsible for the cleavage of citrate into oxaloacetate and acetate. This is a multi-enzyme complex, consisting of γ-, α-and β-subunits, all of these playing a role in citrate metabolism (Bekal et al., 1998) . The enzyme α-acetolactate synthase also plays a role in the citric acid metabolism pathway responsible for the production of diacetyl, one of the most important aroma compounds associated with MLF. Our findings are in accordance of those generated by Mtshali et al. (2010) where it was also found that at least 70% of the L. plantarum strains were positive for one or more of the citrate lyase genes. Therefore L. plantarum strains in our study could potentially play a greater role in the citric acid metabolic pathway and concomitant diacetyl production.
Esterases that originate from wine LAB are responsible for both the biosynthesis and hydrolysis of esters (Matthews et al., 2004; Sumby et al., 2009; Brod et al., 2010) . Oenococcus oeni, as well as species of Lactobacillus and Pediococcus, is able to hydrolyse esters and Matthews et al. (2006) found that significant esterase activity levels remained under wine-like conditions. This implies that esterase activity originating from LAB could potentially contribute to the ester profile. All of the LAB strains screened in our study were positive for the esterase gene, compared to the 70% of the L. plantarum strains screened by Mtshali et al. (2010) . Although our results only confirm the presence or absence of the esterase-encoding gene it remains to be seen if these genes are expressed under wine-conditions and if they synthesise or hydrolyse esters. There is great variation between species and genera with regards to their esterase activity and from available literature, it seems as if O. oeni displays the greatest activity, compared to lactobacilli and pediococci (Matthews et al., 2006) . Recently, Brod et al. (2010) characterised a novel esterase from L. plantarum and found substrate specificity towards p-nitrophenyl-linked substrates, similar to that of O. oeni (Matthews et al., 2006) .
The additional screening for the presence of enzymes responsible for the formation of volatile sulphur compounds will also be indicative of the potential contribution of the various LAB strains to the wine aroma profile. These enzymes can either catabolise amino acids to produce volatile sulphur compounds like methanethiol and dimethyl disulphide or play a role in the biosynthesis of L-methionine or L-cysteine (Lee et al., 2007; Knoll et al., 2010) . Based on the activity of these enzymes, LAB cultures have a profound effect on the production of volatile aroma compounds. Based on our results, it is possible that the O. oeni strains could make a slightly greater contribution to the production of volatile sulphur compounds. Despite these results confirming the presence of the gene, during the characterisation of this gene in two O. oeni strains by Knoll et al. (2010) , it was found that O. oeni seems to play only a minor role in the production of volatile sulphur compounds due to the possible lack of enzyme activity under wine conditions. The ability to degrade arginine and produce ethyl carbamate precursors have been found amongst both O. oeni and L. plantarum strains, although conflicting results in the literature would indicate that this ability is strain dependant. In addition, this characteristic also seems to be more widespread amongst O. oeni strains, compared to L. plantarum (Liu et al., 1994 (Liu et al., , 1995 Mira de Orduña et al., 2000 , 2001 Spano et al., 2004; Uthurry et al., 2006; Araque et al., 2009; Romero et al., 2009) . These findings in literature are supported by the finding in this study: six of the seven O. oeni strains were positive for arginine deiminase and carbamate kinase and all seven were positive for ornithine transcarbamylase. Contrary to this, none of the L. plantarum strains were positive for arginine deiminase, the first enzyme in the pathway that is responsible for the production of ethyl carbamate precursors.
Despite the results of the enzymatic screenings, it needs to be taken into consideration that these PCR reactions only confirm the presence/absence of the genes; it does not give any indication of the expression, if any, of these genes under winemaking conditions, nor is it indicative of the enzymatic activity.
The LAB isolates evaluated during the course of the small-scale fermentation seem to be compatible with the yeast strain S. cerevisiae WE372. No immediate or drastic decrease in cell counts was observed after inoculation for MLF, which indicates that metabolites and by-products produced by the wine yeast did not have a detrimental effect on the bacteria. Further investigation is required to elucidate the compatibility of the bacterial isolates with other wine yeast strains as well as the influence of different inoculation regimes on the yeast-bacteria interactions. Despite the fact that the L. plantarum strains took an average of 44 days to complete MLF, compared to nine days required by the O. oeni strains, this experiment served as an initial screening process to establish the ability of the isolates to tolerate the challenging wine environment.
At the completion of this study we were able to select three potential starter strains of O. oeni (S5, S6 and E53) and three L. plantarum strains (14.1, 56 and 107) that show potential for future use as malolactic starter cultures. These six strains were selected based on their malic acid degradation ability in wine, their ability to survive the wine environment, as well as their inability to act as major contributors to the volatile acidity concentration. As a result of the characterisation of the isolates, the genetic potential with regards to the production of aroma-and healthimpacting compounds, are known.
In conclusion, this study showed, initially in synthetic medium and then in wine, that both O. oeni and L. plantarum have the potential to be utilised as MLF starter cultures when used to inoculate after the completion of AF in high alcohol wines. Lactobacillus plantarum strains might have an added beneficial influence in that it has the genetic potential to influence the wine aroma profile to a larger extent than O. oeni, due to its cache of enzymes.
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